Chemical vapor deposited (CVD) silicon carbide (SiC) provides many advantages over other materials due to its high thermal, chemical and mechanical stability at high temperature. For these reasons, CVD SiC has replaced Si in components for semiconductor process. For application of CVD SiC to semiconductor fabrication equipment, thermoelectric properties controls are important. Therefore, we have studied the effects of different diluent gases, deposition temperatures and microstructures of deposited SiC on change of thermoelectric properties. The electrical conductivity of SiC which used N2 diluent gas was larger than SiC deposited with H2 diluent gas. Electrical resistivity varied by an order of 10 2 for different diluent gases at the same deposition temperature, and Seebeck coefficient also depended on the gas used. Additionally, SiC deposited with H2 showed n-type semiconductor behavior while that deposited with N2 showed p-type characteristics.
Introduction
Silicon carbide (SiC) is an attractive material because of its excellent strength, hardness, corrosion resistance, oxidation resistance and impurity protection in chemical and mechanical environments. SiC also has prominent electrical properties, such as a wide-band gap and a high saturated electron drift velocity, all of which make SiC an excellent candidate for high temperature, high power and high frequency devices. 1)-4) Typical forms of SiC commercially available are hot-press SiC and CVD SiC. The application of hot-press SiC to semiconductor or microelectronic processes is limited due to impurity and particle problems, and hot-press SiC shows worse thermoelectric properties than CVD SiC. 5), 6) CVD is an attractive method for producing bulk materials for a variety of applications. Since the materials produced by CVD are theoretically dense, highly pure, and have other superior properties. Therefore, CVD SiC provides definite advantages over other materials because of its high thermoelectrical properties, predictable absorption and emission characteristics, higher purity, and lower particle generation. 7),8) By varying chemical vapor deposited growth condition, SiC was grown with different crystalline faces of 3C-SiC which is cubic polytype, 4H-and 6H-SiC which are Hexagonal polytype. Advantages of 3C-SiC are that it is obtained at lower temperatures than other type SiC, and small band gap, a high material compensation as well as a high residual p-type and n-type doping. 9),10) For all these reasons, CVD SiC has been applied to components in semiconductor etch processes. To obtain suitable electrical properties of CVD SiC in difference application field, resistivity control is especially critical in making plasma screens, gas-diffusion plates, focusing rings (high resistivity) and electrodes, side rings (low resistivity) using CVD SiC. The deposition mechanism of CVD SiC changes depending on the diluent gas used at high temperature. If H2 is used as diluent gas, deposition is influenced by mass transfer reaction, while with N2 is used as diluent gas, it is controlled by surface reaction. 11) In this study, we deposited bulk type CVD 3C-SiC with both H2 and N2 diluent gases with different deposition mechanism at various temperatures to apply to semiconductor process component deposition. We examined the impacts of preferred orientation, microstructures, and C/Si ratio of deposited SiC on thermoelectric properties such as electrical conductivity, resistivity and the Seebeck effect.
Experimental procedures
SiC films were deposited in a horizontal hot wall tube furnace on a bar type Si3N4 substrate, which is an insulator and has similar a thermal expansion coefficient to that of SiC, in order to improve the adhesion properties of SiC and to measure thermoelectric properties. MTS (Methyltrichlorosilane, CH3SiCl3) was used as a source since its 1:1 Si:C ratio makes deposition of stoichiometric films easy. H2 was used as a carrier gas and H2 and N2 as diluent gases. To determine the deposition condition for each diluent gas, we calculated the thermodynamic yield and equilibrium composition of the SiC condensed phase, other condensed phases and gas phases as functions of temperature, pressure, and input gas ratio using the SOLGASMIX-PV program. The deposition temperatures were in the 1200-1500°C JCS-Japan range. The input gas ratio (α = P(diluent + carrier)/PMTS) of diluent gas plus carrier gas to MTS was 4 and the total pressure was 6.67 kPa.
The crystal structure and preferred orientation of the SiC films were characterized by XRD spectra. The microstructures of the SiC films were examined using scanning electron microscopy (SEM). The electrical resistivity and the Seebeck coefficient of the SiC films were measured under nitrogen atmosphere in a temperature range from 25 to 900°C using an electrical resistance/Seebeck coefficient measuring system (Ozawa Science, RZ 2001i).
Results and discussion

Thermodynamic calculations
In order to compare equilibrium compositions of the SiC condensed phases with change of diluent gas H2 and N2 gases, we brought calculation by SOLGASMIX-PV thermodynamic computer program. 12) When H2 was used as the diluent gas, two major intermediate gas species were made that carbon-bearing species and silicon bearing species by decomposed MTS. The carbon-bearing intermediates were CH4, C2H2, etc., while the silicon-bearing intermediates were SiCl2, SiCl3, SiCl4, etc. On the other side, when N2 was used as the diluent gas, nitrogenbearing species arose such as HCN, NH3, etc. in addition to carbon, silicon-bearing intermediates. Here we assumed that the main gas species were CH4 and SiCl2 for SiC deposition from MTS. HCN or NH3 was one of the main contributors of nitrogen incorporation. The thermodynamic yields of SiC were calculated with different quantities of diluent gas. The highest yield was obtained with a deposition pressure of 6.67 kPa and an input gas ratio (α) of 4 for both the hydrogen and nitrogen diluent gas. Therefore, we studied the experiments about the electrical property changes with a deposition pressure of 6.67 kPa, an input gas ratio of 4 and a temperature range of 1200-1500°C, and compared the results.
Microstructures
When we analyzed the SiC films deposited at 1200 and 1500°C temperatures with different diluent gases with XRD employing Cu Kα radiation, the clear β-SiC peaks of the (111), (220) and (311) planes were shown. The preferred orientation of all samples depended on both deposition temperature and the diluent gas used. With a relatively low deposition temperature (between 1200 and 1300°C), the SiC films showed a (111) preferred orientation, while at higher deposition temperatures (above 1400°C), the preferred orientation changed from (111) to (220). Figure 1 presents the variation of a texture coefficient (T.C.) for above results. The (220) plane of SiC was more dominant in the N2 atmosphere than the H2 atmosphere. This is due to different atom ion concentrations accompanied with H2 and N2 gas, and the different deposition mechanisms, which is explained in detail in previous reports. 11), 13) We also investigated that the crystallinity of SiC with different diluent gases affects the thermoelectric properties. Figures 2 and 3 show SEM images of the surface microstructures of the samples deposited at various deposition temperatures and diluent gases. As the deposition temperature increased, surface morphologies with the H2 diluent gas were changed from a hemispherical domed top type structure to a faceted grain structure. Especially, formation of deposited SiC at 1500°C was surfaces of wood charcoal. However, for the N2 diluent gas, the surface changed to leaf-like structure at 1500°C and, as a result, large-size pores appeared. When we increased the CH4 and C3H8 flow rate while depositing CVD-SiC, a leaf-like structure containing excess carbon arose. 14) , 15) In this case of using N2, leaf-like structure is thought to be caused by increased production of carbon containing intermediate species those originated from the effects of lower α value than the case of H2, high temperature and surface reaction disturb by HCl, which is intermediate reaction by-product. 16) Figure 4 shows deposited SiC grain size as a function of deposition temperature and diluent gas. The grain size of SiC films deposited with N2 diluent gas was larger than that of H2 diluent gas. The change of grain size 
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and microstructure was the factor that affects the thermoelectric properties of SiC, as will be verified below. Figure 5 shows the electrical conductivity of SiC with different deposition temperature and with H2 and N2 diluent gases. Deposited SiC films of both gases had the lowest electrical conductivity at 1200°C. The electrical conductivities of samples deposited in N2 ambient were higher than those of samples deposited in H2. When depositing SiC using N2 diluent gas, the surface reaction affects on deposition. And residual C produced by n-type dopant elements substitute C element position whose atomic dimension is similar to C, is thought to enhance electrical conductivity. 17), 18) In other side, the electrical conductivity of lots of C-containing leaf-like structure sample deposited at 1500°C was lower than that of samples deposited below 1500°C, which may be due to the open pores observed on SEM. The electrical conductivity of nitrogen doped samples increased up to 700°C and that of hydrogen doped samples increased up to 900°C as the measurement temperature increased. It seems that excess C atoms inside the pores were scattered above 700 and 900°C, contributing to a decrease in electrical conductivity. Figure 6 shows the electrical resistivity of the SiC films with different deposition temperatures and diluent gases. Electrical resistivity of SiC films decreases drastically as measured temperature increases up to 700 and 900°C in nitrogen and hydrogen doped SiC, respectively, which is typical for semiconductors. As deposition temperatures increased, electrical resistivity of SiC decreased. This phenomenon is closely related to the grain size and grain boundary. Increased deposition temperature makes the grain size and grain boundary grow as shown in Fig. 4 . As the grain size becomes larger, defect numbers are reduced, and these fewer defects help electric current run smoothly so resistivity is considered to be reduced. On reduced resistivity with increased deposition temperature when using N2 diluent gas, we considered the relation with the SiC preferred orientation. Kimoto et al. 19) suggested that only one bonding is possible for each surface Si atom with the (111) plane oriented surface, while each Si atom provides two bonds with the (110) surface. Therefore, the 1200 and 1300°C temperature range with a (111) plane preferred orientation resulted in a low N concentration. However, the 1400 and 1500°C high temperature range which had the (220) preferred orientation enhanced the possibility for nitrogen to bond with Si, which increases residual carbon by high N concentration is considered to cause low resistivity value. Figure 7 shows the diluent gas dependence of Seebeck coefficient of samples deposited different deposition temperature. As Seebeck coefficient value of the samples flowed in N2 gas showed a positive sign, these samples indicate p-type semiconductor behavior. However Seebeck coefficient of samples deposited at 1500°C showed a negative sign. The samples using H2 as the diluent gas also showed a negative sign, corresponding to an n-type semiconductor behavior. 20), 21) In N2 atmosphere, Seebeck coefficient decreased with increasing deposition temperature, while, in contrast, when H2 diluent gas was used, Seebeck coefficient increased as deposition temperature increased. The value of Seebeck coefficient was insensitive to change in measure temperature up to 800°C. In the present work, the nitrogen doped SiC exhibited a much greater Seebeck coefficient than the hydrogen doped SiC. It is thought that this result is due to different microstructures and the C/Si ratio, which lead to different carrier mobilities and carrier concentrations depending on temperature.
Thermoelectric properties
Conclusion
To investigate thermoelectric properties according to diluent gas, β-SiC was deposited with both H2 and N2 gas at various temperatures by a hot wall type CVD reactor based on the results of simulation data. The dependence of thermoelectric properties on deposition temperature, intermediates caused by different diluent gases, crystallization, microstructures and grain size of deposited SiC was investigated. When N2 was used as the diluent gas, the nitrogen-containing intermediate species disturbed SiC deposition and an N atom occupied C atom sites, leading to better electrical conductivity and lower resistivity due to the residual C atom. This phenomenon and difference deposition temperature both affected the preferred orientation and microstructure of the sample. SiC deposited with N2 diluent gas showed (220) preferred orientation and carbon-rich leaf-like structure at high temperature, resulting in reduced electrical resistivity. With diluent gas change, Seebeck coefficient showed n-type and p-type conduction, and the Seebeck coefficient decreases when the carrier concentration increases. We concluded from this study that diluent gas and deposition temperature, major factors in CVD SiC deposition, can control thermoelectric properties, allowing CVD SiC to be used in various semiconductor components where high and low resistivity is required.
